and retain nutrients (Mitsch and Gosselink, 2000). Without suitable soil properties, CWs may never functionally
S
ection 404 of the Clean Water Act mandates comsatisfy success criteria mandated by the Army Corps of pensatory mitigation whenever a wetland is imEngineers, the objective of this study was to investigate pacted or destroyed by human land-use activities. The the development of soil properties both within and ability of these CWs to functionally replace natural wetamong the 11 CWs. It was hypothesized that position lands is a topic of considerable debate (Zedler and Cal- along the hydrologic gradient and topsoil status would loway, 1999; Kentula, 2000; Hunter and Faulkner, 2001) . be significant factors in explaining the variability of soil As current monitoring of CWs is based on meeting properties in the CW sites. hydrologic and vegetative success criteria, it does not require any monitoring of soil properties or processes (Rheinhardt and Brinson, 2000) . This is a cause for MATERIALS AND METHODS concern for the following reasons: (i) soil forms the Study Sites foundation of these developing ecosystems (Stolt et al., The CWs sampled in this study were located in the Coastal 2000); (ii) inadequate soil properties can be detrimental Plain physiographic region of Virginia (Fig. 1, Table 1 ). Each to vegetative survival and the establishment of wetland site was property of the VDOT and part of its compensatory hydrology (Shaffer and Ernst, 1999) ; and (iii) soil is the mitigation program. Sites that met the following criteria were medium for biogeochemical processes that transform selected for sampling: (1) the site was designed as a created palustrine forested wetland; (2) no jurisdictional wetlands previously existed at the site; and (3) adequate documentation G.L. Bruland, Soil and Water Science Dep., Univ. of Florida, Institute was available from the VDOT central office to locate the site. of Greenville, Prince George, Southhampton, and Sussex as ditional information to further characterize the topsoil or organic amendments. According to VDOT personnel, all topsoil well as the cities of Chesapeake and Suffolk (Table 1) . Sites ranged in size from 0.2 to 13.8 ha. Site age, which ranged from added to these sites was free from refuse and toxic material, and reasonably free from subsoil, stumps, roots, brush, stones, 4 to 16 yr, was calculated as the number of growing seasons a site had experienced since planting. Seven of the sites were clay lumps, or objects larger than 7.7 cm in diameter, in addition to having a pH between 6.0 to 7.0, and an SOM content located in riverine hydrogeomorphic settings and were associated with streams of various orders (Western Freeway [1st between 1 to 4% (Steve Russell, personal communication, 2003 Six of the sites received at least 15 cm of upland topsoil, sampled in this study (Table 1 ). All but one of the series (Pactolus, thermic, coated Aquic Quartzipsamments) were Endowhile the other five sites received no such amendments (Table 1). Furthermore, the Western Freeway site received anaquults, Hapludults, or Paleudults. The Altavista (fine-loamy, mixed, semiactive, thermic Aquic Hapludults), Craven (fine, other 15 cm of upland topsoil (for a total of 30 cm), the Bower's Hill site received an additional 15 cm of shredded mixed, subactive, thermic, Aquic Hapludults), Dragston (coarseloamy, mixed, semiactive, thermic Aeric Endoaquults), Sassaleaf mulch, while sections of the Stony Creek site received 15 cm of composted sawdust rather than upland topsoil. As fras (fine-loamy, siliceous, semiactive, mesic Typic Hapludults), and Woodstown (fine-loamy, mixed, active, mesic Aquic most of the sites in this study were over 10 yr old and have met jurisdictional vegetative and hydrologic success criteria Hapludults) series were present at both TS and No TS sites, while the State (fine-loamy, mixed, semiactive, thermic Typic mandated by the Clean Water Act, it was difficult to find ad- ster, 1995), for P sorption capacity by the PSI (Richardson, 1985) , and for MBC by the chloroform fumigation extraction
Sampling Design
(CFE) method (Brookes et al., 1985; Allen, 1999) . Previous studies have established that the PSI is a reliable gauge of a During site visits, 20-to 40-m transects were established wetland soil's P sorption potential and less time-consuming that ran perpendicular to existing topographic and hydrologic to measure than multiple-point P sorption isotherms (Richardgradients at each site. Each transect was divided into three son, 1985; Axt and Walbridge, 1999; Bridgham et al., 2001) . zones that were representative of the dry, intermediate, and
The PSI was determined by shaking 2.0 g of sterilized soil wet sections of the site. In the few cases where microtopograwith a solution of 130 mg PO 4 -P L Ϫ1 for 24 h. Soils were phy was present, care was taken to locate transects in areas sterilized with two drops of toluene to prevent microbial upwhere microtopographic features did not confound the changes take of phosphate (Richardson and Vaithiyanathan, 1995) . that occurred across the hydrologic gradient. The three zones
The difference in concentration of inorganic P between the were delineated visually based on observations of the vegetainitial (130 mg PO 4 -P L Ϫ1 ) and final concentration represents tion, hydrology, and soils. The dry zones were characterized the amount of P sorbed. The index was then calculated as by: (i) a variety of upland, old-field, and wetland plant species; X(LogC ) Ϫ1 where X equals the amount of P sorbed (Mg P (ii) water tables that were below the soil surface; and (iii) 100 g soil Ϫ1 ) and C equals the final inorganic P concentration coarse-textured soils. The intermediate zones were character-(Mg P L Ϫ1 ) in solution. ized by: (i) fewer upland species, more facultative and obligate
To determine the MBC, two subsamples of 10 g of oven wetland species; (ii) water tables that were near the soil surdry equivalent (ODE) of wet soil were weighed into centrifuge face; and (iii) finer-texture soils. The wet zones were charactertubes. The first subsample was extracted with 0.5 M K 2 SO 4 ized by: (i) more flood-tolerant, obligate wetland species; (ii) by shaking for 1 h. Extracts were then filtered with Whatman water tables that were near or at the soil surface; and (iii) 42 filter paper. The second subsample was fumigated with finer-texture soils. Areas that appeared to permanently inunethanol-free chloroform that was pipetted onto two large cotdate were not included in the wet zones. One soil core from ton balls placed in the headspace of the centrifuge tube (Allen, each zone was collected at each site for a total of three cores 1999). Each tube was then capped tightly and stored in a per site.
dark container for 7 d. Following incubation, chloroform was The cores were sampled from the upper 10 cm of the soil removed by placing the tubes in a vacuum dessicator. The profile in plastic sleeves of 5-cm diam. with a piston corer.
dessicator was evacuated multiple times and flushed with room This type of sampling allowed for the determination of the bulk air after each evacuation. Incubated soils were then extracted, density of each individual core. Cores were collected from the shaken, and filtered. Control and fumigation extracts were upper 10 cm of the soil profile as this corresponds to the zone analyzed for total organic C content using a Shimadzu TOC that is most biologically active and subject to physical pro-5000 solution C analyzer (Shimadzu, Inc., Columbia, MD). cesses of erosion and deposition (Pinay et al., 2000) . As logistiMicrobial biomass C was calculated for each sample as the cal constraints associated with sampling 11 sites made it imposdifference between control and fumigated values of TOC sible to sample all sites on the same day, cores were collected (Brookes et al., 1985) . between 18 and 22 Feb. 2002 . During the sampling period, climatic conditions were generally consistent across the Coastal
Statistical Analyses
Plain. Once collected, cores were stored in a cooler with ice until being transported back to the Duke Wetland Center LabDue to the unbalanced study design (six sites receiving oratory.
topsoil or organic amendments and five sites receiving no topsoil or organic amendments) the data were analyzed with a generalized linear model (GLM) procedure in SAS for Win-
Laboratory Analyses
dows Version 8.2 (SAS Institute, Cary, NC). The differences Soil moisture, D b , SOM, and texture were measured for each among soil properties along the hydrologic gradient and becore as these soil properties have been shown to affect hydroltween topsoil (TS) and no topsoil (No TS) sites as well as any ogy, vegetation, and biogeochecmical cycling in wetlands (Axt interactions between the two factors were examined with this and Walbridge, 1999; Bridgham et al., 2001; Hunter and Faulk- model. As D b , SOM, Clay, WHC, PSI, and MBC were nonner, Verhoeven et al., 2001) . The WHC, the PSI, and normally distributed, these soil properties were log-trans-MBC were also measured as indicators of moisture and nutriformed before running the GLM analysis. The other three ent retention potential. No other study has quantified the soil properties met the GLM assumptions of normality and WHC or the PSI of CWs. Furthermore, only one other study homogeneous variances. When main effects were significant, has measured MBC in CWs (Duncan and Groffman, 1994) . differences in TS and No TS sites across the gradient were determined with a least-squared differences (LSD) procedure Additional research is needed to determine if CWs in various sizes became too small to further stratify regressions by position along the gradient or by topsoil status. The lack of change † Error degrees of freedom ϭ 27. ‡ These soil properties underwent log transformations before the analysis.
with site age was attributed to variety of factors including: (i) the fact that pedogenesis occurs over much longer time scales than that captured in this study; (ii) the greater use of TS adsignificantly higher in the wet zones of TS sites than in ditions in the younger sites than in the older sites; and (iii) the the wet and dry zones of No TS sites (Fig. 2g) . Similar uneven distribution of site ages in the TS and No TS groups.
to WHC, the statistical analysis revealed that topsoil Furthermore, as there were no significant differences between status, rather than position, was a significant factor in soil properties of riverine CW sites and nonriverine CW sites, explaining the variability in the PSI data. The LSD test no stratification of the data by hydrogeomorphic setting was indicated that wet zones of TS sites had significantly employed.
higher PSI values than intermediate and dry zones of No TS sites (Fig. 2h) . Neither position nor topsoil status
RESULTS
were significant for MBC (Fig. 2i) .
Hydrologic Gradient and Topsoil Status Correlations among Soil Properties
Statistical analysis of soil moisture indicated that both The Spearman correlation analyses revealed that soil position along the hydrologic gradient and topsoil status moisture had significant negative correlations with D b were significant, although their interaction was not (Taand percentage of sand, as well as significant positive ble 2). Moisture tracked the wetness gradient at both correlations with SOM and WHC (Table 3) . Bulk dentypes of sites, and according to the LSD test, TS sites had sity had significant negative associations with SOM and significantly higher moisture at the wet position than WHC. Soil organic matter was significantly correlated No TS sites at the intermediate and dry positions (Fig. 2a) .
to every other soil property measured in this study. PerThe analysis of D b indicated that position was significant centage of silt also had significant positive associations while topsoil status and their interaction were not (Tawith WHC, and MBC and percentage of sand had signifble 2). According to the LSD test, D b values in the wet icant negative associations with WHC and MBC. Water zones of both types of sites were significantly lower than holding capacity was also significantly related to MBC. D b values in the dry zones of TS sites (Fig. 2b) .
Neither position nor topsoil status were significant
Site Mean Values
factors in describing the variability in the SOM, percentage of clay, percentage of silt, or percentage of sand data The mean soil moisture of all 11 sites sampled in this (Table 2 ; Fig. 2c-f ). Both SOM and WHC appeared to study was 27.9% (Table 4) . Moisture tended to be one decrease from wet to dry zones, and SOM appeared to of the more variable soil properties measured in this be higher in TS sites, but none of these differences were study according to the relatively high CV for individual significant. Topsoil status was a significant explanatory sites (i.e., 0.55 for Otterdam Bank), TS sites (0.31), No TS sites (0.28), and all sites (0.32) ( Table 4 ). An 11-yr-old factor for WHC. The LSD test indicated that WHC was site that received TS and organic amendments, Bower's and all sites (0.62). The highest site mean for SOM was recorded for Stony Creek, a 4-yr-old TS site that also Hill, had the highest mean soil moisture at 46.2%, while the 16-yr-old No TS site, Rowanty Creek, had the lowest received organic amendments, at 14.4%, while the lowest was recorded for Rowanty Creek, at 3.5%. Mean at 12.7%. Mean D b for all sites was 1.00 g cm
Ϫ3
. In contrast to soil moisture, D b was one of the more consistent clay, silt, and sand values across all sites were 8.8, 20.5, and 70.7%, respectively. Percentage of clay tended to soil properties with some of the lowest CV values within and among sites (Table 4) . Franklin Bypass, a 9-yr-old be more variable than percentage of silt, and percentage of silt was more variable than percentage of sand. TS site, had the highest mean D b at 1.26 g cm
, while Bower's Hill had the lowest at 0.50 g cm
.
The mean WHC for all sites was 55.3%. Although there was some within-site variability, the CVs for WHC Mean SOM for all sites was 6.0%. Soil organic matter was the most variable soil property in this study with of the two types of sites (TS sites ϭ 0.22, No TS sites ϭ 0.23) and across all sites (0.25) were quite similar. Bowhigh CV values for individual sites (i.e., 0.63 for Stony Creek), the two site types (TS ϭ 0.67, No TS ϭ 0.32) er's Hill had the highest mean WHC at 85.6%, while differences in moisture, WHC, and PSI were related to ‡ The derivation of silt content involved the clay content, and the derivation of sand content involved both the clay and silt contents.
topsoil additions or hydrologic gradients instead of textural differences in the two site types. Soil moisture, WHC, and PSI were all significantly higher in certain Rowanty Creek had the lowest mean WHC at 44.3%.
zones of TS sites than they were in No TS sites. These The mean PSI for all sites was 22.8, and within-and results were similar to those of a study of organic matter among-site variability was similar to that of WHC. The amendments at a CW in Pennsylvania, where amended Stony Creek site had the highest mean PSI of 36.6 while areas exhibited higher soil moisture than unamended the Second Swamp sites had the lowest PSI of 12.2. The areas (Stauffer and Brooks, 1997) . mean MBC for all sites was 138.6 Mg C kg soil
Ϫ1
. After
If wetland creation involves excavation of surface ho-SOM, MBC displayed the next highest within and among rizons to expose nutrient-poor subsoils with high bulk site variability of all the soil properties measured in this densities, as is often the case in the Southeastern Coastal study. The CVs for MBC were 0.29 for all TS sites, 0.61 Plain, it may be necessary to amend these types of sites for all No TS sites, and 0.43 for all sites. Second Swamp with topsoil or organic matter to improve retention of had the highest mean MBC at 239.6 Mg C kg soil Ϫ1 , moisture, development of plant and microbial communiwhile the 10-yr-old No TS site, Otterdam Bank had the lowest mean MBC at 53.5 Mg C kg soil Ϫ1 .
ties, and storage of P. As deficiencies in the soil proper- ties of CWs may remain problematic for long periods dominated by coarse-textured sands to be unable to hold sufficient water for plant survival (Sopher and of time, it is imperative for initial soil conditions to be considered carefully. Spending more money on topsoil Baird, 1978) and much less effective in retaining nutrients than soils dominated by fine-textured silts and clays or organic amendments during construction may actually pay for itself in the long-term, as sites with improved (Poach and Faulkner, 1998) . Cores with high SOM content also had high PSI values. Contrary to the assumpsoil conditions will be more likely to meet the hydrologic and vegetative success criteria mandated by the Army tion that SOM inhibits P sorption, in this study SOM and PSI had a significant positive association. A recent Corps of Engineers. These sites will also be much less likely to require costly remedial work such as regrading study of P sorption in natural wetlands in Virginia also found a strong positive correlation between SOM conof the soil surface or replanting of additional vegetation.
While it may be too costly to amend large CW sites in tent and PSI (Axt and Walbridge, 1999) . Soil organic matter, percentage of silt, and WHC were positively their entirety, there would be value in amending certain sections or subplots within the site. It appears that fundcorrelated to MBC. Thus, it may be safe to assume that future CW sites in the Virginia Coastal Plain with low ing may be best spent by amending sections of CWs of intermediate elevation and hydrology. Unlike wet areas SOM and percentage of silt content will have low MBC in their initial years of development. that may accumulate SOM, or dry areas in which added SOM may be subject to decomposition due to aerobic
To recap the significant differences in the data across the hydrologic gradient, between TS and No TS sites, conditions, topsoil, or amendments added to intermediate zones may actually persist in these zones long enough and significant relationships among soil properties, a summary table was created (Table 5) . From the table to stimulate vegetative and microbial development. Sites amended with topsoil or organic matter would provide it is interesting to note position along the gradient accounted for two significant differences (only one if the valuable opportunities for collaboration with university researchers and desperately needed quantitative data p-value for the effects of position on moisture would have been rounded up to 0.10), while topsoil status about management options for CWs. Designers, engineers, and site managers should consider innovative apaccounted for three significant differences. Thus, topsoil status may be slightly more important than position proaches to wetland creation such as salvaging soils of impacted sites, amending with topsoil or organic matter, along the hydrologic gradient in explaining the variability of soil properties in the CWs. deep ripping, and reestablishing microtopography. All of these practices have the potential to create better initial soil conditions that will, in turn, encourage more , which was comparable, albeit slightly lower, than a value of 1.2 g important indictor of soil quality at these young CWs. Furthermore, in studies with budget or time constraints, cm Ϫ3 reported for a similar study of CWs in Pennsylvania (Campbell et al., 2002) . The site with the lowest SOM may be the best single variable to measure at these types of sites because it provides information about a mean D b , Bower's Hill, received TS and organic amendments, while the site with the highest mean D b , Franklin number of other soil properties and processes. Cores with a high percentage of sand content had low moisBypass, received only TS. In this case, it was possible that the process of incorporating the topsoil may have ture, SOM, and WHC. In contrast, cores with a high percentage of silt content had high moisture, SOM, caused greater compaction of soil than if no topsoil were added. However, the potential disadvantage of further WHC, and MBC. Previous research has shown that soils compaction may be outweighed by the many advantages and MBC than the upland subsurface horizons that were the typical substrates for the CWs in Virginia. of topsoil additions, such as better moisture retention and increased tree survival.
Site Mean Values
It was interesting to note that the youngest site, Stony
CONCLUSIONS
Creek, had the highest mean SOM, and the oldest site, Rowanty Creek, had the lowest mean SOM. This was Soil properties of CWs in Virginia were affected both attributed to the fact that Stony Creek received TS and by position along the hydrologic gradient and by topsoil organic amendments while Rowanty Creek did not. The status. Soil moisture and D b decreased significantly from different mitigation practices, positions along the hydrowet to dry zones. Perhaps even more important than logic gradient, and site ages all contributed to the high the variability explained by the hydrologic gradient, was standard deviations and coefficients of variation rethat explained by topsoil status. Moisture, WHC, and ported in this study for SOM. Despite this variation, PSI were all significantly elevated in certain positions however, our results for SOM were similar to those of TS sites in comparison with No TS sites. Soil organic reported in other studies of CWs. For example, the matter was significantly correlated with the other eight mean SOM content of the 11 CW sites sampled in this soil properties measured in this study, suggesting that study was 7.0%, which was very close to the mean SOM SOM was an important indicator of soil quality and content of 6.2% reported in a study of 44 CWs in Pennshould be measured in future studies. Furthermore, sites sylvania (Bishel-Machung et al., 1996) , and the mean with high moisture, SOM, and PSI all received topsoil SOM content of 6.7% reported in a study of nine CWs or topsoil and organic amendments; conversely, the site in Oregon (Shaffer and Ernst, 1999) . A study of three with the lowest moisture, SOM, and highest sand connatural wetlands in the Virginia Coastal Plain reported tent, did not receive any topsoil or organic amendments. mean SOM contents of 23.4, 9.8, and 4.9% (Axt and Thus, in the Virginia Coastal Plain, an effective strategy Walbridge, 1999) . Thus, compared with natural wetfor increasing soil moisture, WHC, and PSI in CWs aplands in the region, the mean SOM contents reported pears to be amending sites with topsoil or organic matfor CWs in this study were comparable, albeit someter. Whenever possible, and particularly when wetland what lower.
creation involves excavation into highly compacted or The CWs in this study displayed a mean clay content low SOM subsoils, practices such as topsoil and organic of 8.8%, a mean silt content of 20.5%, and a mean sand matter amendments should be encouraged. Without content of 70.7%. The site mean sand contents of the suitable soil properties, CWs may never functionally reCWs appeared to be comparable, though slightly higher, place the natural wetlands that were destroyed. than those reported in a recent study of natural wetlands of the Virginia Coastal Plain (Axt and Walbridge, 1999) .
